We investigate a physical, composite alignment model for both spiral and elliptical galaxies and its impact on cosmological parameter estimation from weak lensing for a tomographic survey. Ellipticity correlation functions and angular ellipticity spectra for spiral and elliptical galaxies are derived on the basis of tidal interactions with the cosmic large-scale structure and compared to the tomographic weak lensing signal. We find that elliptical galaxies cause a contribution to the weak-lensing dominated ellipticity correlation on intermediate angular scales between 40 and 400 before that of spiral galaxies dominates on higher multipoles. The predominant term on intermediate scales is the negative cross-correlation between intrinsic alignments and weak gravitational lensing (GI-alignment). We simulate parameter inference from weak gravitational lensing with intrinsic alignments unaccounted; the bias induced by ignoring intrinsic alignments in a survey like Euclid is shown to be several times larger than the statistical error and can lead to faulty conclusions when comparing to other observations. The biases generally point into different directions in parameter space, such that in some cases one can observe a partial cancellation effect. Furthermore, it is shown that the biases increase with the number of tomographic bins used for the parameter estimation process. We quantify this parameter estimation bias in units of the statistical error and compute the loss of Bayesian evidence for a model due to the presence of systematic errors as well as the Kullback-Leibler divergence to quantify the distance between the true model and the wrongly inferred one.
INTRODUCTION
Weak gravitational lensing by the cosmic large-scale structure is recognised to be a primary tool for investigating the properties of gravity on large scales through their influence on the expansion dynamics of the Universe and the growth of cosmic structures (Mellier sics; Bartelmann & Schneider 2001; Refregier 2003; Hoekstra & Jain 2008; Kilbinger 2015) . Weak lensing offers not only sensitivity for the parameters of a dark energy cosmology (Huterer 2002 (Huterer , 2010 Vanderveld et al. 2012; Mortonson et al. 2014 ), but also allows the investigation of models of modified gravity (Amendola et al. 2008; Dossett et al. 2011; Martinelli et al. 2011) or model independent contraints o the growth-and expansion history (Matilla et al. 2017) , in particular with tomography (Hu 1999; Cooray & Hu 2001; Hu & White 2001; Munshi et al. 2008; Bernstein 2009 ). The current generation of tomographic weak lensing surveys has, in conjunction with observations of the cosmic microwave background and galaxy clustering, put strong bounds on dark energy properties, while future surveys set out to constrain the equation of e-mail: tugendhat@uni-heidelberg.de state of dark energy to the percent-level, investigate alternative to general relativity and search for new gravitational phenomena on the largest scales.
A very common assumption in gravitational lensing are intrinsically uncorrelated galaxy shapes and the idea that correlated deflections and deformations of light-bundles caused by gravitational tidal fields of the cosmic-large scale structure are the only mechanisms that introduce correlations in the observed shapes of distant galaxies. This view is challenged by physical interactions of galaxies with their surroundings (see, e.g. Jing 2002; Forero-Romero et al. 2014) , most notably gravitational interactions through tidal fields (Heavens et al. 2000; Croft & Metzler 2000; Catelan et al. 2001; Mackey et al. 2002; Lee et al. 2005) , giving rise to intrinsic alignments (for reviews, see Troxel & Ishak 2015; Joachimi et al. 2015; Kirk et al. 2015; Kiessling et al. 2015) .
The alignment of elliptical galaxies is usually described with the linear alignment model, which stipulates that the galaxy's ellipticity depends linearly on the tidal shear field exerted by the largescale structure on the galaxy (Hirata & Seljak 2004; Blazek et al. 2011 Blazek et al. , 2015 . The physical picture would be that of a virialised equilibrium system whose potential is gravitationally distorted, leading to a change in shape in the spatial distribution of the dark matter particles and the stars, giving rise to an ellipticity which is proportional to the tidal shear tensor and whose spatial orientation is identical to the principal axis system of the tidal shear (Camelio & Lombardi 2015) . In the literature, this alignment model is referred to as the linear alignment model exactly because of this proportionality. Ellipticities of neighbouring galaxies are correlated due to correlations in the tidal fields, which have an identical correlation length as the density field itself.
In spiral galaxies, on the other hand, intrinsic alignments are set at early times prior to gravitational collapse by the generation of angular momentum through tidal torquing. The angular momentum direction is thought to determine the angle of inclination of the galactic disc relative to the line of sight and therefore the measured ellipticity (Lee & Pen 2000 . In the accepted tidal torquing picture of angular momentum generation the two relevant quantities are the tidal gravitational shear on one side and the protogalaxy's inertia tensor on the other (Bailin & Steinmetz 2005) : The product of the two, if their eigensystems do not coincide, will yield a nonzero angular momentum. Angular momentum correlations are quite short-ranged and therefore one would expect ellipticity correlations between spiral galaxies to be only relevant on small scales, and because products of two fields occur in the generation of angular momenta, these alignment models are called quadratic (Schaefer 2009; Schaefer & Merkel 2015) . It should be mentioned that there are alternative models for the orientation of disc galaxies that rely on the cosmic vorticity field (Libeskind et al. 2013) or on anisotropic accretion, and it is common to all models that there can be a rich phenomenology for galaxy alignment (Aragón-Calvo et al. 2007; Pahwa et al. 2016) .
Apart from intrinsic shape correlations there is an additional effect that the same gravitational tidal shear fields that physically distort an (elliptical) galaxy also give rise to gravitational lensinginduced distortions of a distant background galaxy. As such, this mechanism is able to introduce correlations in the shapes of galaxies that are separated by a very large distance, which is very dissimilar to intrinsic shape correlations which are at most correlated over a physical distance of a few Mpc/h due to the short range of tidal interaction. As an important consequence, these cross-correlations will be effective across different tomography bins in contrast to the intrinsic alignments themselves, that will only be nonzero within the same tomographic bin.
In the limit of weak lensing the complex gravitational shear is γ is added linearly to the complex intrinsic galaxy ellipticity, obs = + γ (Bartelmann & Schneider 2001) . Consequently, correlations obs obs between observed ellipticities obs can be expanded to the intrinsic shape correlation (II-correlations), a cross-correlation term γ + γ containing correlations between the intrinsic ellipticities and the weak lensing shear (GI-terms, Hirata & Seljak 2004) , and finally the genuine lensing signal γγ (GG-correlation) which is dominating for a reasonably deep survey.
Intrinsic alignments have been the target of investigations that quantify their contaminating effect to weak lensing data and the resulting systematic errors in inferring cosmological parameters: Intrinsic alignments of elliptical galaxies are expected to contribute in an intermediate multipole range, whereas the alignments of spiral galaxies resulting from an angular-momentum based model, is only generated on high multipoles, reflecting their intrinsically short-ranged correlation (Kirk et al. 2010 Schaefer & Merkel 2012; Capranico et al. 2013; Merkel & Schaefer 2013; Kitching et al. 2014 ; Krause et al. 2016; Zieser & Merkel 2016) . Similarly, there is an intrinsic alignment influence on cluster number counts (Fan 2007) .
Given the large uncertainty about the mechanisms of tidal interaction of galaxies, empirical models have been constructed ) that show a large degree of flexibility and ultimately reduce any systematic errors at the expense of statistical precision. There is as well the possibility of controlling IAcontributions in weak lensing data by methods of self-calibration (Zhang 2010; Troxel & Ishak 2012b,a) , by using differences in their redshift dependence (Huterer & White 2005; Joachimi & Schneider 2010a,b; Shi et al. 2010) , by different parity of the ellipticity field that is generated by intrinsic alignments and lensing (Crittenden et al. 2002) , by removing close pairs of galaxies (King & Schneider 2002; Heymans & Heavens 2003; King 2005) , by using higherorder statistics Merkel & Schaefer 2014; Munshi et al. 2014; Petri et al. 2016) , or by making use of crosscorrelations with other probes of the cosmic large-scale structure (Hall & Taylor NRAS; Larsen & Challinor 2016) . To some extent, the survey design can be optimised to have smaller contributions from intrinsic alignments by preferring a deep survey over a shallow one (Kirk et al. 2011) , and it underlines the general trend in cosmology that systematic errors will need to be controlled with much care (Amara & Refregier 2007; Laszlo et al. 2012; Cardone et al. 2014 ).
Many of the current generation of weak lensing surveys need to employ a description of the IA-contribution in weak lensing (Heymans et al. 2004; Joachimi & Bridle 2010; Heymans et al. 2013a; Jee et al. 2016; De Jong et al. 2013; Joudaki et al. 2016; DES Collaboration et al. 2017) , where alignments seem to be present in elliptical but not in spiral galaxies, and aim to supply suitable parameters from observations at lower redshift (Brown et al. 2002; Hirata et al. 2004; Mandelbaum et al. 2006; Hirata et al. 2007; Joachimi et al. 2011; Mandelbaum et al. 2011; Lee 2011; Joachimi et al. 2013; Singh et al. 2015) .
With an improving understanding of galaxy formation and evolution, intrinsic alignments and the relationship between the shape of a galaxy and its environment has been targeted by numerical simulations, who draw a more complicated picture of alignments than the two primary analytical models based on tidal shearing and tidal torquing have in mind. This concerns, e.g. Tenneti et al. (2014 Tenneti et al. ( , 2015b ; Codis et al. (2015) ; Velliscig et al. (2015) ; Chisari et al. (2015) ; Hilbert et al. (2016) ; Chisari et al. (2016) who point out that many physical processes have an influence on the perceived shape of a galaxy and that alignments can depend on e.g. redshift and luminosity, and that there is in fact an intrinsic shape correlation on the two-point level (Tenneti et al. 2015a ).
We intend in this paper to combine intrinsic alignments for elliptical and spiral galaxies, and to compute the cross-correlation between the intrinsic shape of elliptical galaxies and the weak gravitational lensing effect, which is, in contrast to spiral galaxies, nonzero for tidal shear fields with Gaussian statistics and has been observed (Hirata & Seljak 2004; Okumura & Jing 2009; Hirata & Seljak 2010) . We chose the formalism for describing intrinsic alignments for both primary galaxy types to be identical in the description of tidal gravitational fields for consistency, and we aim to put the parameter estimation biases that are caused by intrinsic alignments in the interpretation of weak lensing data into a larger context and ask how the degree of belief in a cosmological model is changed by the presence of alignments. In contrast to elliptical galaxies, there is in the case of Gaussian fields no cross-alignment between the intrinsic shapes of elliptical and spiral galaxies, and no GI-type alignment between the intrinsic shape of a spiral galaxy and the weak gravitational lensing effect.
Specifically, the motivation for our investigation was (i) to combine intrinsic alignment models for elliptical and spiral galaxies and to reach, together with the nonzero cross-correlation between the intrinsic shapes of elliptical galaxies and lensing, a complete view of alignments over a wide range of angular scales, (ii) to compute the alignments for elliptical and spiral galaxies from the same fundamental formalism and to reach a high degree of consistency in our description, (iii) to estimate their parameter biasing effect on a topical dark energy cosmology in inference from tomographic weak lensing spectra, and (iv) to quantify this biasing effect not only in terms of systematical errors, but also to compute the loss in Bayesian evidence and the Kullback-Leibler distance between the true and the wrongly inferred likelihood: This will be of particular importance as future surveys will be limited in their parameter-constraining and model selecting power by systematical rather than statistical errors. We carry out our investigation of intrinsic alignment and its interplay with weak gravitational lensing for the Euclid 1 weak lensing survey and compute alignment correlation functions and spectra and their cross-correlation with lensing for a tomographic survey with Euclid's characteristics, and intend to address questions in relation to the information content of weak lensing surveys (Carron et al. 2011) .
After the introduction in Sect. 1 we recapitulate key concepts of cosmology and gravitational lensing in Sect. 2, followed by the theory of the intrinsic alignments in Sect. 3. We present our results on ellipticity correlations for our composite alignment model in Sect. 4 before discussing statistical errors in Sect. 5 and systematical errors in Sect. 6, with particular emphasis on the Euclidmission. We summarise and discuss our findings in Sect. 7. The reference cosmology for our investigation is a wCDM-cosmology with a non-clustering dark energy component with an equation of state w. Specific choices for the cosmological parameters are Ω m = 0.32, σ 8 = 0.83, h = 0.68, n s = 0.96 and w = −1, which are motivated by Planck's results (Planck Collaboration et al. 2015) .
We assume Gaussian statistics for fluctuations in the distribution of matter, and assume that this is approximately valid even in the regime of nonlinear structure formation. Angular-momentum based alignments will be computed from a linear CDM-spectrum because angular momentum generation is a perturbative process in the early stages of galaxy formation, whereas tidal shears distorting an elliptical galaxy will be derived from a nonlinear CDMspectrum in the same way as the gravitational lensing effect. Consequences of the assumption of Gaussianity in the statistics of tidal shear fields will be vanishing GI-correlations for spirals and vanishing cross-correlations between the shapes of spiral and elliptical galaxies.
GRAVITATIONAL LENSING AND COSMOLOGY

Distances and structure growth
The comoving distance χ corresponding to the scale factor a is obtained by 
for a spatially flat FLRW-cosmology with a constant dark energy equation of state parameter w, with the Hubble-distance χ H = c/H 0 as the natural distance scale. The linear structure growth in these cosmologies is determined by the growth equation,
which yields the growth function D + (a) as the growing solution, such that the density contrast acquires a time evolution according to δ(x, a) = D + (a)δ(x), for |δ(x, a)| 1. The statistics of the density contrast is determined by the CDM-spectrum,
, which is normalised the variance σ 2 8 on the scale of R = 8 Mpc/h,
where we use a transfer function from Bardeen et al. (1986) for the linear CDM-spectrum P δ (k) and Smith et al. (2003) for the nonlinear CDM-spectrum. We would like to point out that the nonlinear spectrum will be used for the weak gravitational lensing effect (Casarini et al. 2011) , for the alignments of elliptical galaxies and the cross-correlation between the shape of ellipticals and weak lensing, because these three effects probe tidal gravitational fields in the evolved large-scale structure. Alignments of spiral galaxies are set through tidal torquing as a perturbative process from the initial conditions of structure formation, and therefore we use a linear CDM-spectrum to compute their alignment. From the spectrum of the density contrast δ one can obtain that of the gravitational potential Φ in units of c 2 by substituting the comoving Poisson-equation, ∆Φ = 3Ω m /(2χ 2 H )δ/a,
with the Hubble-distance χ H making the relation dimensionless and with a scaling P Φ (k, a) ∝ (D + /a) 2 (in the limit of linear structure formation), which is relevant for gravitational lensing and intrinsic alignments alike, as both are gravitational interactions. For the computation of tidal shear fields in the context of intrinsic alignments, we impose a Gaussian smoothing,
on the mass scale M of the galaxy, i.e. on a spatial scale determined by M = 4π/3 R 3 Ω m ρ crit Schaefer & Merkel 2015) . We choose a typical value M = 10 12 M /h for this mass scale, which corresponds to the dark matter mass of a galaxy similar to the Milky Way.
Gravitational Lensing
Weak gravitational lensing refers to the change in the crosssectional shape of light bundles caused by gravitational tidal fields of the cosmic large-scale structure: Ellipticities of distant galaxies get mapped in the regime of weak lensing, where shear γ and convergence κ are small, |γ|, |κ| 1, according to the transformation → + γ.
The lensing potential ψ i is given by a projection integral, where we introduce the index i to refer to the lensing potential from the ith tomographic bin,
relating ψ i to the gravitational potential Φ through weighting function W i (χ),
As a line of sight-integrated quantity, the projected potential contains less information than the sourcing field Φ. In tomography, one defines the tomographic lensing efficiency function G i (χ),
with dz/dχ = H(χ )/c and the bin edges χ i and χ i+1 , respectively. A common choice of the redshift distribution n(z)dz used in forecasts for Euclid is the parameterisation,
with β = 3/2 causing a slightly faster than exponential decrease at large redshifts (Laureijs et al. 2011) .
Combining all results one obtains the angular spectra C ψ,i j ( ) of the tomographic weak lensing potential ψ i in the flat-sky approximation (Limber 1954) ,
Weak lensing convergence is related to the lensing potential through the relationship ∆ψ = 2κ, therefore its spectrum C κ i j ( ) is equal to 4 C ψ i j ( )/4, which is identical to the E-mode spectrum C γ E,i j ( ) of the weak lensing shear.
Observed spectra of the weak lensing shear will contain a constant shape noise contribution σ 2 n bin /n,
under the assumption of uncorrelated shape noise. The spectra C γ E,i j ( ) are nonzero for i j leading to a non-diagonal covariance matrix: This will be notably different in the case of intrinsic alignments, which, as local effects, are only correlated within the same tomography bin. Cross-correlations between intrinsic alignments and weak lensing, however, will again be correlated across tomography bins due to lensing's being an integrated effect. We chose the bin edges in a way that they contain identical fractions of the total number of galaxies 4π f skyn , with the number density per solid anglen and the sky coverage f sky , as the details of the tomography bin choice are do not strongly affect forecasts on statistics.
INTRINSIC ALIGNMENTS
Correlations in ellipticities of galaxies are to a large part generated by the weak gravitational lensing effect, but galaxies can have, due to a number of mechanisms relation to their formation process and their gravitational interaction, correlated intrinsic shapes: In the case of spiral galaxies, one could explain shape correlations in terms of correlated orientations of galactic discs, which reflect similarities in their angular momentum generation by tidal torquing. Elliptical galaxies, on the other hand, are thought to reflect in their shape the magnitude and orientation of the tidal gravitational field that is exerted by the cosmic large-scale structure.
Gravitational lensing and intrinsic alignments can be expected to show different physical and statistical characteristics, but whether a complete separation is feasible is yet unknown. Instead, we aim in this investigation to construct a composite alignment model as a contaminant of the weak lensing signal, and propagate this contamination to a forecast of systematical errors that could be expected Euclid's weak lensing survey, if intrinsic alignments are not modelled, mitigated or removed. We build our alignment models on the established mechanisms of tidal shearing for elliptical galaxies and tidal torquing for spiral galaxies, and combine their spectra with a fixed fraction of q = 0.7 of spiral galaxies. This choice is only a rough approximation of the intricate relationships between galaxy morphologies, age, and local galaxy density. The implication of an evolving q(z) would go beyond the scope of this paper, which is focusing on model simplicity and is mainly concerned with the impact of the alignment mixture on a lensing survey. A factor of q is needed to calculate the relative amplitudes that both models contribute to the total alignment signal. Since, however, the change of the spiral fraction with respect to redshift seems to be weak for lowto-intermediate redshifts (see e.g. ?), a constant q is a valid assumption. Furthermore, replacing q with q(z, δ, . . . ) is easily achieved in this model and can be subject of future investigation. Both intrinsic alignment models are in their core models of tidal gravitational interaction of galaxies with the ambient large-scale structure.
Correlations in the tidal shear field
Our alignment models are both based on tidal interaction of galaxies with the cosmic large-scale structure. As such, they require the correlation function of tidal shear tensors (Catelan & Porciani 2011) , on which the correlation of ellipticities will be modelled. Correlations
of the tidal shear components
as a function of distance r = |x − x |, can be computed to be
and to involve the ζ n (r)-functions,
as Fourier-transforms the spectrum P Φ (k) and its derivatives under the assumption of isotropy .r α is the α-component of the unit vector parallel to r = x − x . In the context of tidal interaction of galaxies we will focus on the change in shape due to tidal shears in the case of ellipticals and the orientation of the angular momentum given by tidal torquing. As both modes of tidal interaction do not depend on the trace of the tidal shear, it is reasonable to define the correlation function C αβγδ (r) of the traceless tidal shearΦ αβ = Φ αβ − ∆Φ/3 × δ αβ ,
The trace of the tidal shear matrix, on the other hand, which is proportional to the local density through Poisson's equation, would cause galaxies to be more compact, which has led to the idea of intrinsic magnification (Heavens et al. 2013; Huff & Graves 2014) . Although this effect is weak and difficult to measure, it would be very interesting from a fundamental point of view because it would constitute a test of the locality of the gravitational field equation because it would relate the isotropic part of the tidal shear tensor, which causes a change in size of the galaxy, to the local value of the density δ (Heavens & Joachimi 2011; Alsing et al. 2014; Ciarlariello & Crittenden 2016) .
Alignments of elliptical galaxies: tidal shearing-model
The model for elliptical galaxies is that of a virialised system in which stars perform random motion with a constant velocity dispersion σ 2 and anisotropy parameter β in a gravitational potential Φ. The density ρ of stars follows the Jeans-equation (see Binney & Tremaine 2008) ,
which results in a dependence ρ ∝ exp(−Φ/σ 2 ) for isotropic systems, β = 0. A weak distortion of the gravitational field due to tidal shears exerted by the large-scale structure can be implemented by adding a quadrupole field to the potential Φ(x) centered on the potential minimum at centre of mass of the galaxy x 0 = 0,
Consequently, the density of particles would change according to
which in turn gives rise to an ellipticity that is linear in the tidal shear field ∂ 2 Φ, and we will refer to this constant of proportionality as D. Eq. 20 suggests that the ellipticity measures tidal shear in units of σ 2 /R 2 with the size of the galaxy R, and it can be argued that σ 2 /R 2 constant (Piras et al. 2017) : In virial equilibrium, one would expect the kinetic specific energy in unordered motion σ 2 to be equal to the specific potential energy GM/R and the mass M to be proportional to R 3 , such that σ 2 /R 2 = GM/R 3 = const, and for that reason we would not expect D to be dependent on mass or redshift: In fact, the ellipticity is purely determined by the magnitude and orientation of the external tidal shear fields. We would like to point out, however, that this picture assumes that elliptical galaxies are effectively test particles that react to the external tidal shear field and do not otherwise interact with their environment, which would be notably different in clusters of galaxies (Hao et al. 2011) . It is remarkable that intrinsic alignments formally depend on the ratio between the tidal shear and the velocity dispersion σ 2 , whereas gravitational lensing measures tidal shear in units of c 2 as the natural velocity scale.
Collecting these results, the linear alignment model for elliptical galaxies sets the complex ellipticity = + + × into relation with the components of the external tidal shear,
if one assumes a coordinate system in which x and y are oriented perpendicular to the line of sight. In this way, ellipticity correlations between galaxies separated by r are traced back to traceless tidal shear correlations, expressed in a fixed coordinate system where the z-axis is oriented along the line of sight, i.e. where the vector r has the components (r sin α, 0, r cos α), and one obtains using the results of Sect. 3.1:
For completeness, we relate the autocorrelation of the absolute value s = 2 + + 2 × and its cross-correlation to the + -component to the tidal shear field,
while the two remaining combinations s × and + × can be shown to be zero. Due to the fact that the observed ellipticities are linear in the tidal shear components, one expects correlation functions to scale ∝ D 2 and to reflect tidal shear correlations through the ζ n (r)-functions. We have chosen a description in real space to be in our formalism as similar as possible to the description of alignments of spiral galaxies, which we will discuss in Sect. 3.4, but point out that Fourier-approaches which link modes of the ellipticity field directly to the CDM-spectrum P δ (k) in a fashion similar to lensing are likewise possible and effectively equivalent. Second-order corrections due to clustering and peculiar velocities can likewise be included by convolution of the respective fields (Blazek et al. 2015) .
We assume that elliptical galaxies react instantaneous to external tidal shear fields, and consequently, have the ellipticity scale in proportionality to D + /a. We would argue that this is a good approximation because galaxies would react to changes in the gravitational potential on a time scale equivalent to the free-fall time which is of the order 1/ √ Gρ 0.373/H 0 for a value of ρ = 200Ω m ρ crit with ρ crit = 3H 2 0 /(8πG). This time scale is short compared to the Hubble-time scale 1/H 0 on which cosmic structure formation takes place and the growth function D + changes: Due to the gravitational interaction, the relevant quantity is D + /a which is almost constant and only decreases slightly in dark energy cosmologies at late times, at least in linear structure formation. Whether in fact the ellipticity can be used to provide a measurement of the tidal field strength to a time earlier than the observation and hence outside the past light cone, would depend on the detailed understanding of the alignment parameter D and the dynamics of the gravitational tidal interaction. Despite these arguments we will assume that elliptical galaxies react instantaneously to external tidal shear fields, and maintain this assumption even if these fields are generated by nonlinearly evolving structures, even though their dynamical time scale might then be even shorter. Different cases of tidal interaction of virialised structures are discussed in (Camelio & Lombardi 2015) .
In comparison other studies of alignment models for elliptical galaxies with tidal shearing as the interaction mechanism (Blazek et al. 2012 (Blazek et al. , 2011 (Blazek et al. , 2015 our model is deliberately chosen to be set up in real space instead of configuration space in order to use the same formalism and to be consistent to the alignment model for spiral galaxies. In our line of sight-projection we do not incorporate clustering effects or redshift-space distortions due to peculiar motion, but we would argue that in particular the latter should not matter due to the wide redshift bins of Euclid's weak lensing. But clustering of the sources would generate a non-Gaussian statistical signal, which we ignore as it would interfere with our statistical analysis in Sect. 6, which assumes Gaussian statistics, and as it would source cross-correlations between the shapes of different galaxy types. It should be possible, however, to compute all shape correlations, including those of spiral galaxies, consistently in Fourier-space as well, if our model is replaced by that of Mackey et al. (2002) or ultimately (Blazek et al. 2017) . Applying a Limber projection in real space (Limber 1954; Loverde & Afshordi 2008) , we find for the angular correlation functions: (26) where a ∈ {+, ×} and i denotes the ith tomographic bin.
Note that the lower limit of the χ -integration is not limited by the outer integration parameter χ. This expresses the fact that the aligned structures do not necessarily need to be behind the affecting fields from the observer's point of view, which is a clear distinction from weak lensing (eq. 8). Defining
we can calculate the ellipticity E-and B-mode spectra of linear alignment C i ( ) via a Fourier transform,
by Fourier-transform and isolate the E-and B-parity eigenmodes of the intrinsic ellipticity fields.
Cross-correlation between alignments and weak lensing
Unlike in the quadratic model, we can find nonzero GIcontributions. GI-correlations are cross-correlations between weak lensing and intrinsic alignments, which in physical terms means that a structure affects the alignment of nearby galaxies whilst lensing the light from background galaxies. Since the ellipticities γ and only differ by a sign for the same tidal shear field (eq. 21), the 3d correlation functions are very similar to the II-case, namely
and correspondingly,
The 2d correlation functions are then, analogous to the II-case,
Once again, a ∈ {+, ×}, where the negative sign is for a = + and the positive one for a = ×. It is quite noteworthy that the GI-alignments are nonzero for i j, i.e. while for II-alignments, there are only diagonal entries in the correlation matrix, GIs can occupy all entries. It is obvious from equation 32 that GI-alignments are asymmetric in their nature: Lensing can only happen with structures in front of the sources, therefore there cannot be an IG-correlation.
In order to keep statistical isotropy, however, we apply a symmetrisation and discard the information that in a GI-correlation the more distant galaxy is lensed, which is readily available due to the known galaxy redshift.
Then we can define, like in eq. 27,
and finally find the angular GI-spectra as
This result implies the presence of B-modes from GI-Alignment; note that the contributions of the GI-correlations are mostly negative because of the negative sign in the case of the + -component. Apart from these natural GI-contributions, we will treat lensing and IAs independently and ignore all effects of lensing operating on an already intrinsically aligned ellipticity field (Giahi-Saravani & Schaefer 2014 ) or evolution of ellipticity correlation functions (Giahi & Schaefer 2013).
Alignments of spiral galaxies: tidal torquing-model
The alignment of spiral galaxies is thought to be an orientation effect that is related to the direction of the galaxy's angular momentum relative to the line of sight (Croft & Metzler 2000; Crittenden et al. 2001 Crittenden et al. , 2002 . In this picture, intrinsic shape correlations arise because neighbouring galaxies form from correlated initial conditions, which results in correlated angular momentum directions (Catelan & Theuns 1996a; , in correlated inclination angles under which galactic discs are viewed and consequently in correlated ellipticities (Catelan et al. 2001) . Under the assumption that the symmetry axis of the galactic disc coincides with the angular momentum directionL α = L α /L of the system, one obtains for the ellipticity
The angular momentum is generated by tidal gravitational torquing (for a review, see Schaefer 2009) of the large-scale structure onto a protogalactic cloud (White 1984; Stewart et al. 2013; Barnes & Efstathiou 1987; ) and can effectively be described by a (Gaussian) distribution p(L|Φ αβ )dL for the angular momentum directionL with the covariance
that carries the dependence on the orientation of the traceless, unitnormalised tidal shear fieldΦ αβ with the properties αΦαα = 0 and αβΦαβΦβα = 1. Using the distribution p(L|Φ αβ )dL and the relationship between ellipticity and angular momentum direction one can express the ellipticity in terms of the tidal shear,
and ultimately trace the ellipticity correlations back to a 4-point function of the traceless, unit-normalised tidal shear fieldΦ A , which in turn can be decomposed into correlationsC AB = Φ AΦB of the traceless tidal shearΦ A field Crittenden et al. 2001 ) by virtue of the Wick-theorem,
where capital letters denote index pairs. As in the case of elliptical galaxies, correlations in three dimensions can be Limber-projected for each of the tomography bins and finally Fourier-transformed to yield the corresponding angular ellipticity spectra. We choose a value of A = 0.25 for the misalignment parameter A which is found in numerical simulation of tidal torquing . The amplitude of the resulting ellipticity correlations will scale with A 2 , and will not depend on the normalisation σ 8 of the fluctuations because as an orientation effect, alignments of spiral galaxies depend only on the unit-normalised tidal shear. A second reason to choose a conservative small value for A is a possible misalignment between the symmetry axis of the galactic disc and the host halo angular momentum direction, as well as a finite thickness of the galactic disc. Thirdly, a structured non-uniform disc will cause a natural scatter in the measured ellipticities even if the disc would be perfectly aligned with the host halo's angular momentum direction. These effects effectively weaken the relationship between shape and angular momentum and decrease the correlation strength, which led us to a conservative choice for A (Schaefer & Merkel 2015; Capranico et al. 2013) . We ignore in this model effects of a possible nonlinear evolution of angular momentum (see, e.g. Catelan & Theuns 1996b Lee & Pen 2008) . We would like to point out that in contrast to the alignment model for spiral galaxies constructed by Blazek et al. (2017) , our model reflects a pure orientation effect and does not depend on the magnitude of tidal gravitational fiels, which is reached by the usage of the unitnormalised tidal shear. Consequently, our alignment model for spiral galaxies does not depend on σ 8 and only on the shape of the CDM-spectrum through ratios of the spectral moments ζ n (r): This will be the reason why we consider Ω m and h in Figs. 6 and 7, because they define the shape parameter Γ = Ω m h to which the spectral moments are sensitive.
ELLIPTICITY CORRELATIONS
In this section we show our results angular correlation functions and and angular spectra of the II-and GI-ellipticities for elliptical galaxies in tomographic surveys, and we compare these correlation functions to the II-correlations obtained in the tidal torquing model for spiral galaxies. There is no GI-contribution for spiral galaxies in Gaussian random fields, because the ellipticity correlation function can be traced back to a 3-point function of the tidal shear field, which is naturally zero for Gaussian statistics. For the same reason one would not expect cross-correlations between the intrinsic ellipticities of spiral and elliptical galaxies either.
Angular ellipticity correlation functions
The angular ellipticity correlation functions for spiral and elliptical galaxies resulting from the Limber-projection with Euclid's source redshift distribution are shown in Figs. 1 and 2 . Note that GIcorrelations have a negative sign because the gravitational lensing effect is anticorrelated with the physical distortion of an elliptical galaxy in the gravitational field of a lens. However, it is not impossible to construct both positive and negative angular power spectra from them, as C + and C − intersect. The II-case produces n bin correlation functions, since it is purely local and thus diagonal in the correlation matrix, the GI-case finds n bin (n bin + 1)/2 entries, being a non-local cross-correlation. Although there are around a factor of (n bin + 1)/2 more observable spectra for GI-correlations, the overall amplitudes in the II-case are 1-1.5 orders of magnitude larger than for the GI-correlation functions. The linear model, in both cases, produces nonzero correlations up to larger angles 10 3 arcmin compared to the quadratic model (Schaefer & Merkel 2015) . Therefore, we expect the corresponding spectra to peak at lower than the ones from the quadratic model.
Angular ellipticity spectra
Tomographic angular spectra for the ellipticity field are depicted in Figs. 3 and 4 for 2 tomographic bins. The upper panel shows E-mode spectra, the lower panel B-modes. As expected with the Emodes, the red and green graphs representing elliptical galaxies' IIand GI-cases are larger in amplitude at lower than the spiral contributions in blue. In fact, the elliticals' II-spectrum peaks around 300, with significant contributions of the GI-spectrum at very large ( 30) and relatively small ( 1000) angular scales. The spirals' spectrum also peaks at small angular scales, around ,GI E,i j ( ) and C γ E,i j ( ) for 2-bin tomography. The grey area represents the linear and non-linear weak lensing contributions, blue shades are II-contributions by spiral galaxies, red shades correspond to II-spectra of elliptical galaxies, green lines are GI-contributions by elliptical galaxies galaxies and the grey bands indicate the amplitudes weak lensing spectra. Dashed lines represent negative contributions.
1000. The ellipticals' GI-contributions are overwhelmingly negative, with very short dips into positive signature at 150, quickly changing back to a negative sign. With increasing the tomographic bin number, this feature shifts a bit in scale (70 ≤ ≤ 200 with 7-bin tomography). We observe that double sign change only happens to off-diagonal spectra (i j). At high , both the spectra from the spirals and the GI-spectra of the ellipticals start competing in strength with the linear weak lensing signal.
B-modes from the linear model are nonexistent in the II-case, although we find a strong GI B-mode signal with a sign change for all GI-spectra from negative to positive at intermediate . The amplitudes of the GI-signal are generally higher than the ones for the spiral B-mode signal, its signal strength for high comparable to the one of the linear weak lensing spectrum.
All tomographic spectra for a 5-bin application are shown by B,i j ( ) for 2-bin tomography. The grey area represents the linear and non-linear weak lensing contributions, blue shades are II-contributions by spiral galaxies, red shades correspond to II-spectra of elliptical galaxies, green lines are GI-contributions by elliptical galaxies. Dashed lines represent negative contributions, and although weak lensing is B-mode free to lowest order, we have included the spectra C γ E,i j ( ) for comparison as the grey bands. Fig. 5 : Clearly one sees the trend that lensing dominates over intrinsic alignments at high redshifts for both spiral and elliptical galaxies, which are predicted by the tidal torquing and tidal shearing models, respectively, adding weight to the proposal by Kirk et al. (2011) to use this property for survey optimisation. Interestingly, this strategy would be applicable even to the case of GI-alignments, and it shows that in inference from the off-diagonal spectra C γ E,i j ( ) and C ,GI E,i j ( ), i j, as proposed by King & Schneider (2003) , only the GI-signal would need to be taken care of.
STATISTICAL ERRORS
Amplitude of the intrinsic ellipticity spectrum
The first question concerns the amplitude of the different contributions to the ellipticity spectrum. While weak lensing is computed straightforwardly in a parameter-free way, this is not the case for intrinsic alignments, whose amplitude depends on the details of the tidal interaction processes. Specifically, in the case of spiral galaxies the amplitude of the alignment signal is set by parameterising the relationship between the orientation of the tidal gravitational field and the angular momentum direction, and by the thickness of the galactic disc. These parameters are roughly known from nbody simulation of structure formation and from the observation of galaxies in the local universe, respectively. For elliptical galaxies, one needs information about how strongly the stellar component of an elliptical galaxy reacts to tidal gravitational fields by changing its shape: While in principle this parameter can be measured from simulations as well, we derive an estimate of this parameter from the nonzero alignment signal for elliptical galaxies measured by CFHTLenS 2 . In fact, CFHTLenS has measured a significant alignment signal for elliptical galaxies, and we adjust our model parameter, E,ii ( ) for 5-bin tomography; the bin correlations are ordered matrix-like from top left (C E,11 ( )) to bottom right (C E,55 ( ), with increasing redshift from bin 1 to bin 5). Black curves show the weak lensing signal using a nonlinear CDM-spectrum P(k), while the grey curves use a linear CDM-spectrum. Ellipticity spectra of the II-type are shown in blue for spiral galaxies and in red for elliptical galaxies. The GI-spectra for elliptical galaxies are given in green, where solid lines indicate positive and dashed lines negative values. The orange lines depict the ellipticity shape noise σ 2 n bin /n for a tomographic measurement with n bin = 5 redshift bins. the constant of proportionality between tidal shear field and observed ellipticity, to reproduce the CFHTLenS-signal (Heymans et al. 2013b) : To this purpose, we adopted its survey characteristics (galaxy density n = 11/arcmin 2 , β = 3/2, z med = 0.7 and f sky = 37 × 10 −4 ) and set up a computation of the signal to noiseratio Σ that one can obtain for a measurement of the intrinsic contribution of the ellipticity spectrum of elliptical galaxies in a tomographic survey with the CFHTLenS redshift bins.
The signal to noise-ratio Σ = S 0 /σ S is given by the ratio between the unknown signal amplitude S 0 in units of the statistical error σ 2 S on measuring S 0 ,
where we assume Gaussian statistics for estimating the statistical error σ S using the Fisher-formalism,
where naturally the spectrum C( ) = S ( ) + N( ) decomposes into a signal part S ( ) that describes the ellipticity correlations of elliptical galaxies and the cross-correlations between intrinsic alignments and weak lensing, as well as a noise part N( ). Here, only the signal S ( ) is proportional to powers of S 0 , while the noise N( ) contains weak lensing, the intrinsic alignments of spiral galaxies and the shape noise contribution in addition. Converting into the alignment parameter D, we find D = 9.5 × 10 −5 c 2 to reproduce the CFHTLenS-observation, which is comparable to results from numerical simulations (e.g. Hilbert et al. 2016 , who report D = 1.5 × 10 −4 c 2 in our choice of units,). At the same time we have verified that the alignments of spiral galaxies would not yield a measurable signal for CFHTLenS, so we continue to use parameters that have been obtained from numerical simulations and from the ellipticity distribution of galaxies in the local Universe.
Estimation of statistical errors
In the extraction of cosmological information from weak lensing data one introduces the likelihood L γ m,i , which is the probability to obtain a set of spherical harmonics expansion coefficients
where we will consider only the E-modes of the observed ellipticity field as a source of cosmological information. Due to the assumed full sky-coverage and statistical isotropy the likelihood factorises in 2 + 1 statistically equivalent γ m,i -modes for each tomographic bin i. These modes are obtained by transforming the shear field γ i (θ)
Under the assumption that the modes γ m,i are Gaussian distributed with zero mean, the likelihood takes the form
We will work for simplicity under the Gaussian assumption, although there should be an impact from non-Gaussianity of the observable on the likelihood and therefore on the parameter estimation process (Scoccimarro et al. 1999; Scoccimarro & Couchman 2001; Van Waerbeke et al. 2011; Casarini et al. 2012; Kayo et al. 2013 ). For scales that are nonlinearly evolving, we increase the variance by using a nonlinear CDM-spectrum P δ (k) but keep a Gaussian form for the distribution of modes.
can then be used to define the Fisher-matrix F µν = ∂ µ ∂ ν L as the data-averaged negative curvature at the location of the highest likelihood, i.e. the fiducial cosmology:
The partial derivatives are taken with respect to the cosmological parameter set, {Ω m , σ 8 , h, n s , w}. The characteristics of Euclid's weak lensing survey (Laureijs et al. 2011) are summarised as (i) a median redshift of 0.9, (ii) a yield ofn = 4.7 × 10 8 galaxies per unit solid angle, (iii) a sky fraction of f sky 0.363 and (iv) a Gaussian shape noise with standard deviation σ = 0.4. We work with modes γ m,i that are statistically independent in the wave numbers and m despite incomplete sky coverage implying that the likelihood would not separate, but instead scale the logarithmic likelihood with a factor f sky . The tomographic bins are chosen to contain the same fraction 1/n bin of galaxies. We always consider the E-mode of the observed ellipticity field as the source of cosmological information.
Figs. 6 and 7 show logarithmic derivatives ∂ µ ln C of the intrinsic alignment covariances with respect to cosmological parameters Ω m and h, split up into elliptical and spiral galaxies assuming a spiral fraction of q = 0.7. These logarithmic derivatives in addition to those from weak lensing would enter the construction of the Fisher-matrix eq. 47. From the Fisher-matrix we derive Cramér-Rao bounds σ −2 µµ ≤ F µµ and marginalised likelihoods for comparison with the systematic errors. Both cosmological parameters affect the intrinsic alignment spectrum through the shape of the CDMspectrum. In addition, Ω m sets the absolute strength of the alignment of elliptical galaxies as it appears as a coupling constant in the comoving Poisson-equation. E,ii ( ) with respect to Ω m . Blue shades correspond spiral galaxies, red shades to elliptical galaxies, purple considers a combined spectrum weighed with the spiral fraction q = 0.7. Dashed lines are negative contributions. E,ii ( ) with respect to h. Blue shades correspond to only spiral galaxies, red shades to elliptical galaxies, purple considers a combined spectrum weighed with the spiral fraction q = 0.7. Dashed lines are negative contributions.
We woudl like to point out that there are subtle differences in the parameter sensitivity of the tidal shearing and tidal torquing models (Capranico et al. 2013; Schaefer & Merkel 2015; Merkel & Schaefer 2017) , because tidal torquing does not depend on the absolute magnitude of the tidal gravitational fields whereas the tidal shearing would, although both models ultimately express tidal field correlations in terms of the spectral functions ζ n (r): The crucial step is the usage of the unit-normalised tidal shear for the tidal torquing model in eq. 40.
SYSTEMATICAL ERRRORS
Parameter estimation biases
Intrinsic alignments are a systematic in weak lensing measurements. If they are present in ellipticity spectra as taken by weak lensing surveys, they would lead to parameter estimation biases if they are not included in the modelling or mitigated in a statistical way. In this section we intend to compute the effect of a composite alignment model on the parameter estimation process, which is particularly important because the inclusion of both elliptical and spiral galaxies generates an intrinsic alignment contribution over a wide range in angular scales, and because the presence of negative GI-cross spectra between the alignments of elliptical galaxies and weak lensing gives rise to a further modulation of the spectrum on intermediate scales. In general it is the case that alignments of elliptical galaxies contribute on multipoles between = 30 and = 300, on a level of 1% of the weak lensing signal, whereas spiral galaxies would generate a similar signal on multipoles above = 300. GIalignments of elliptical galaxies dominate on large angular scales and remove amplitude from the ellipticity spectra due to their negative sign.
We consider the specific case of inference of the full parameter set of a wCDM-cosmology consisting of Ω m , σ 8 , h, n s , and w from the tomographic E-mode spectrum of the observed ellipticity field obs,i in the redshift bin i. We define the covariance matrix of the true model C t ( ) containing contributions from both lensing and intrinsic alignments and the corresponding covariance matrix C f ( ) of the false model wrongly only contains gravitational lensing,
where no summation over the double index i is implied. A fit of of the incomplete model C f,i j ( ) to data that would follow the true model C t,i j ( ) would then result in parameter estimation biases, i.e. systematical errors δ µ which are caused by the incompleteness of the model because it does not contain intrinsic alignments. The estimation biases δ µ can be obtained from solving the linear equation
which is defined by with the vector a µ ,
and the matrix G µν ,
that need to be computed from the matrices C t,i j ( ) and C f,i j ( ) and its derivatives. In the case of choosing the correct model, C t,i j ( ) = C f,i j ( ) and consequently a µ = 0, such that no biases arise. id refers to the unit matrix in n bin dimensions and the traces are taken over the tomography bin indices. This formalism, described in Schaefer & Heisenberg (2012) is a generalisation of the method proposed by Taburet et al. (2009) for correlated data points and improves on Amara & Réfrégier (2008) by taking care of the change in the parameter covariance as a function of model parameters.
As we compute the parameter estimation biases for the full parameter set of a dark energy cosmology in order to simulate the statistical inference process from actual data, we are in a position to quantify which parameters are most strongly affected by the presence of a systematic: In our case the parameters Ω m and σ 8 would be most strongly biased because they are at the same time determining the amplitude of the weak lensing spectrum to leading order.
The systematical error would be, depending on the galaxy type and the number of tomographical bins used, up to twice or three times as large as the statistical error in case of Ω m and σ 8 respectively. In recent works such as Joudaki et al. (2016) , there is tension between the Ω m and σ 8 measurements of weak lensing surveys (KiDS 3 ) and CMB measurements (Planck 4 ). In particular, weak lensing systematically underestimates both parameters, which qualitatively supports the direction of bias we found for the mixed model and ellipticals, cf. Fig. (8) and Fig. (10) .
Here, a point needs to be made on the linearity of the biases; as seen in Fig. (8) , the red dots (bias only due to elliptical galaxies) and the blue dots (only spiral galaxies) will not, in general, additively give the same results the purple dots (mixture of both models). This is due to the fact that the derivatives of the three different (true) spectra
are, in general, not additive. This can be seen in e.g. Fig. (6) . Here, in particular, two cases exhibit a sign change, whilst the third does not. Such a behaviour makes it obvious that a mixture of both models will not be easily analytically predictable from the individual properties of each model. The relative weights of the two models, expressed by a constant q = 0.7 in our work, is affecting the resulting bias of a mixture of both models as well. A greatly varying q over cosmic time would have to be modelled, however as q has been shown not to vary greatly at least up to medium redshifts and since even future surveys won't go much beyond z ∼ 2, where observational selection effects dominate over cosmic morphology abundances, we assume it safe to fix q to a constant. Additionally, due to the lensing efficiency function, the relative contribution of IAs at high redshift become smaller. Clearly, an extreme case of q → 1, 0 would reduce to just one model describing the alignment effects, but as long as q stays moderately constant, there are many larger uncertainties in the observations than fluctuations in relative abundances of galaxy types and numerical tests have shown that changing q by 10 per cent won't affect the resulting bias of the mixed model greatly.
The dark energy equation of state parameter w is only relatively weakly affected and fall well within the statistical uncertainty. For that reason it would seem implausible that a dynamic dark energy model would be favoured over a cosmological constant Λ. The situation is less clear for n s , which would be measured too close to unity for all three models, which might lead to wrong inference on the inflationary slow-roll parameters, as the bias can reach up to twice the statistical error. The biases on h are highly significant (i.e. they are on the same order of magnitude as the statistical error) and might in the future be able to contribute to the discussion concerning values of h from different measurements methods. Biases in units of the statistical error, δ µ /σ µ show a slow scaling with the number of tomographic bins n bins for dividing the galaxy sample, as shown by Fig. 9 : With larger n bin one usually observes shrinking statistical errors and increasing systematical ones, so the ratio δ µ /σ µ is usually increasing in magnitude. The strongest overall increase can be seen in the parameters σ 8 and n s , whereas other parameters show only a weak scaling. In particular, the difference of sensitivity of the two models on σ 8 reflects their set-up; whereas the observed ellipticity of spiral galaxies induced by tidal torquing is only sensitive to the direction of the shear fieldΦ αβ (cf. eq. 39), the same quantity for elliptical galaxies is sensitive to the shear fields' magnitude as well as direction, i.e. Φ αβ (see eq. 21). In other words, tidal torque alignment is unaffected the magnitude of angular momentum (induced by shearing), whereas tidal shear alignment scales with the strength of the shear. Hence, one would expect greater sensitivity of the latter towards the amplitude of the gravitational field, which is linked to the amplitude of the fluctuations by the Poisson equation and thus a greater impact on σ 8 . Note that the sensitivity of the tidal shear model towards the magnitude of the gravitational potential can, given sufficient precision in observation and sufficient knowledge about other bias effects, be used as a probe for the local Newtonian potential.
Loss of Bayesian evidence for ΛCDM due to systematics
After having obtained systematical and statistical errors we would like to answer the question if the presence of parameter estimation biases can decrease the Bayesian evidence for a specific ΛCDM parameter set as the reference cosmological model (Trotta 2007a (Trotta , 2008 (Trotta , 2017 (Trotta , 2007b . If prior information p(θ µ ) on the cosmological model centered on concordance values θ µ,t is available, for instance from CMB-observations or from galaxy clustering, the presence of
tomographic bins Figure 9 . Marginalised parameter estimation biases for the same survey setup as in Fig. 8 for increasing tomographic bin number n bin . The bias δ µ for each parameter is normalised by its variance σ 2 = (F −1 ) µµ , the grey areas mark 1 σ around the concordance value.
systematics specific to weak lensing such as intrinsic alignments, would shift the (true) lensing likelihood L t (θ µ ) relative to the true cosmological model, and the likelihood would become inconsistent with the prior or other cosmological measurements, see Fig. 10 . For this purpose, we quantify the loss of Bayesian evidence for ΛCDM that is caused in a weak lensing survey by the presence of intrinsic alignments, and use Gaussian priors on the cosmological parameter set from CMB temperature and polarisation spectra and from galaxy clustering, for which we use the specifications of Planck and of Euclid, respectively. We can write the Bayes factor k in terms of the prior p(θ µ ), the unbiased likelihood L t (θ µ ), and the
for an N-dimensional parameter space. This can be evaluated numerically for different priors and tomographic bin numbers, as shown in Fig. Fig. (11) . Our analysis shows that increasing the number has adverse effects on the individual alignment models, i.e. the tension between prior and shifted likelihood goes down for the quadratic alignment model, whereas in increases for the linear alignment model. Again, the results of a mix with spiral fraction 0.7 does not seem to be a linear combination of both and their combined effects are consistently above 2 ln(k) = 10 on the Jeffrey's scale (for a discussion about its applicability in cosmology, see Nesseris according to Kass & Raftery (1995) would be interpreted as very strong incompatibility between the prior and the weak lensing measurement in the context of a wCDM-model due to the induced shift in the parameter set caused by the intrinsic alignment contamination. This effectively shows that ignoring the systematical effects of intrinsic alignments would lead to false conclusions about the tension of a wCDM cosmology with previous observations. But in this context a large bias in the dark energy equation of state w would not seem to be possible, and a confusion between a dynamical dark energy component and a cosmological constant Λ implausible.
Kullback-Leibler-divergence introduced by systematics
An alternative way of quantifying the mismatch between the original and shifted likelihood is the computation of the KullbackLeibler divergence as a measure of the difference between two distributions.
In one of our previous investigations on the topic, we have defined the figure of bias
which corresponds to half of the Kullback-Leibler-divergence under the assumption of two identical Gaussian likelihoods separated by a small bias shift δ µ : We start at the general definition of the Kullback-Leibler divergence D KL ,
which defines the logarithmic likelihood ratio between the true and the wrong model, integrated over the parameter space with the true . Bayes factor 2 ln(k), obtained by integrating eq. 56, for different biased weak lensing likelihoods L f , obtained from alignment models for (i) only ellipticals, (ii) only spirals, and (iii) a mix of both. According to 2 ln(k) ≥ 10 is interpreted as 'very strong' evidence against the null hypothesis, in this case a ΛCDM cosmology.
likelihood as a weighting function. Since the parameter space for both likelihoods is the same, we can re-write eq. 58 as
which is by definition the difference between the entropy of L t (θ) and the cross-entropy of L f (θ) and L t (θ). Therefore, D KL is a measure for the relative entropy between the two models. Assuming N-dimensional Gaussian likelihoods described by covariance matrices C a , a ∈ {t, f },
for the two likelihoods, it is clear that the distributions are separated by δ = θ f −θ t . If both L t and L f are Gaussian, the Kullback-Leibler divergence becomes
With only a small shift δ µ in each parameter, it is feasible to set C t C f and obtain the covariance from the Fisher matrix of the true model, C t = F −1 . Consequently, eq. 58 reduces to
Therefore, the Kullback-Leibler divergence reduces to half of the figure of bias Q 2 , as introduced in Schaefer & Merkel (2015) , in this limit. Note that exp(−D KL ) is the ratio between the likelihood evaluated at a distance δ µ away from the best fit point without systematics relative to the original value. Intuitively, this means Q 2 or D KL are quantifying the scale of the bias in relation to the statistical errors.
The preferred unit to measure the Kullback-Leibler divergence is usually nat, quantifying the information or entropy using the natural logarithm. In the langauge of statistical physics, this is equivalent to S = k B ln Ω with k B = 1. For the spiral galaxy alignment bias only, we confirm the findings of Schaefer & Merkel (2015) , namely Q 20 and weak to no dependence of the number of tomographic bins, see Fig. (12) . For the bias caused by elliptical galaxies, the absolute number is a bit higher, albeit with the same overall beaviour. A mix of both types tends to be close to the spirals, possibly because of their dominance in the galaxy mix.
In comparison with the Bayes-factor (i.e. Fig. 11 , computed previously), the hierarchy of the different errors in the various models seems to be at odds at first glance. There, the mix of both models gives the most tension within a wCDM model class, whereas here, the ellipticals produce the largest figure of bias. This is alleviated by the fact that in the Bayes-factor a particular prior is included whereas this information is missing in the computation of the figure of bias Q or the Kullback-Leibler divergence: The Bayes-factor quantifies the overlap of the biased likelihood with a prior distribution, which in turn specifies less favoured bias directions, i.e. those perpendicular to the degeneracy of the prior, cf. Fig. 10 .
CONCLUSIONS
The subject of this investigation were intrinsic ellipticity correlations of galaxies and their impact on the parameter estimation process from future tomographic weak lensing data. Intrinsic alignments were computed over the entire relevant multipole range using physically motivated models for spiral and elliptical galaxies, and used to predict tomographic angular spectra of the intrinsic ellipticity field. Specifically, we considered the case of parameter estimation based on the tomographic weak shear E-mode spectrum as measured by Euclid.
(i) Ellipticity correlations for spiral galaxies and elliptical galaxies result in our model from the tidal torquing and from the tidal shearing mechanism, respectively, and we used the same formalism for computing both alignments for a consistent modelling, and reduced ellipticity correlations to correlations in the tidal gravitational field. The model parameters in both cases have a clear physical interpretation: In the case of spiral galaxies, we assume that the observed ellipticity follows from the orientation of the angular momentum direction relative to the line of sight, and we link the angular momentum direction to the (squared) tidal shear field through a misalignment parameter A, whose value is derived from numerical simulations. Conversely, in elliptical galaxies the observed shape is a physical deformation of a virialised stellar system, and should be proportional ot the magnitude and orientation of the tidal shear, and we estimate this constant of proportionality D from CFHTLenS's observation of intrinsic shape correlations in elliptical galaxies.
(ii) Ellipticity correlation functions for elliptical galaxies are obtained through Limber-projection of the tidal shear correlations restricted to components perpendicular to the line of sight: These result in angular ellipticity correlation functions C(θ) with correlation lengths between 10 and 100 arc-minutes for a galaxy survey like Euclid's, which is notably more long-ranged than correlations in the shapes of spiral galaxies which only exist on very small angular scales between 1 and 10 arc-minutes for an identical geometry. Consequently, angular ellipticity spectra for the shapes of elliptical galaxies are largest on intermediate multipoles below = 1000, while spiral galaxies show the largest amplitudes only on small multipoles above = 1000. In all cases, the amplitude of intrinsic shape correlations is smaller than that of the weak lensing prediction by about an order of magnitude, depending on the source redshifts. For small redshifts and 100, the IA signal is of the same order as the weak lensing, whereas for high redshifts, it can be almost two orders of magnitude smaller.
(iii) Apart from II-correlations of both spiral and elliptical galaxies, there are nonzero cross-correlations between the intrinsic alignment of elliptical galaxies and weak gravitational lensing. Under the assumption of Gaussian statistics of tidal shear field and a linear response of elliptical galaxies to external tidal gravitational fields, one would not expect this effect for spiral galaxies, and likewise, there should be no intrinsic cross-alignment between the shapes of spiral and elliptical galaxies. The GI-signal is negative and dominates much of the high multipole range, while being rather small on intermediate multipoles. For combining the two alignment models we assume a morphological mix of galaxies with a fraction of q = 0.7 of spiral galaxies and a fraction of 1 − q = 0.3 of elliptical galaxies. The ellipticals show in addition a GI-cross alignment, whereas gravitational lensing is universal and does not differentiate between galaxy morphologies.
(iv) There is a great deal of uncertainty in the intrinsic alignment model parameters, and we were very conservative in assuming numerical values. For spiral galaxies, we adopted values for the average misalignment between the angular momentum direction and the tidal shear orientation of A 0.25. The effect of a finite thickness of galactic discs, which have been measured in spiral galaxies in the local Universe, is likewise absorbed into this constant. Conversely, we have estimated the constant of proportionality between ellipticity and tidal shear in elliptical galaxies from the weak alignment signal in CFHTLenS, and found values compatible with other studies. Specifically, we set up an estimate of the statistical significance of the intrinsic alignment signal in the presence of cosmic variance generated by weak lensing for a survey with CFHTLenS's characteristics, and obtained a value of D 10 −4 c 2 . It is remarkable that this constant of proportionality should, for a virialised elliptical galaxy, not scale with mass M, and the response of an elliptical galaxy to a tidal shear field is fast in comparison to the time scale of structure formation, so that there is no dependence on redshift z either. We restrained from marginalising over different values of D and A in this work, as the impact of a fixed contamination of a Euclid-like survey with IAs was to be examined. Since they are physical parameters that are intrinsic to the galaxy morphologies and their alignment behaviour, we don't expect these parameters to vary wildly between different surveys. Only gross misclassifications of galaxy morphologies in these surveys would change the values of A and D drastically and make them and hence the used models more heuristic than physical in their nature.
(v) While our statistical analysis focused on inference from the E-mode spectra of the observed ellipticity fields, the alignment models predict nonzero B-modes the II-correlation of all galaxies and for the GI-correlation for elliptical galaxies. This latter contribution is in fact dominating over almost the entire multipole range over B-mode generating effect in weak lensing in second order. We expect considerable potential for controlling intrinsic alignment contamination in weak lensing data by making use of the intrinsic B-modes and are in the process of investigating this issue. Ideally, one could estimate the spectra C ,II B,ii ( ) and C ,GI B,i j ( ) of the ellipticity field, which should be possible at high significance with e.g. Euclid-data (Schaefer & Merkel 2015) and use the relations between E-and B-mode amplitudes predicted by the models to control the E-mode contamination. Blazek et al. (2017) find as well that individual intrinsic alignment model parameters can be individually constrained and that all contributions to the ellipticity correlation are statistically significant for a survey like LSST 5 . (vi) Intrinsic alignments of elliptical galaxies are, identically to gravitational lensing, sensitive to fluctuations in the gravitational potential that scale in leading order with the product Ω m × σ 8 . The scale-dependence of both effects is determined by the shape of the CDM-spectrum as fixed at lowest order by Ω m and h. These relationships are markedly different in spiral galaxies, where alignment is an orientation effect that does not depend on the strength of the potential fluctuations themselves, and on the shape of the spectrum through spectral moments that differ from those relevant for elliptical galaxies. All effects share a similar dependence on the dark energy properties as it enters through the Hubble-function H(a) in converting redshifts to comoving distances at the stage of carrying out line of sight-projections. The biases we compute, in particular for the Ω m -σ 8 -plane, could not be of importance in explaining the tension between weak lensing surveys and CMB measurements of those parameters (e.g. in Joudaki et al. 2016) as they would shift the likelihood into the wrong direction, further away from the CMB-constraints -this would primarily concern the linear alignment model of elliptical galaxies, because CFHTLenS would be insensitive to the alignment of spiral galaxies on high multipoles for our choice of model parameters. The situation would be different, however, if there was a strong IA-contribution from spiral galaxies on small angular scales, which could shift the likelihoods in a direction that would make them compatible with those from the CMB.
(vii) With the intrinsic alignment contamination of elliptical galaxies on intermediate multipoles, the cross-correlation between alignments and gravitational lensing on the full multipole range and spiral galaxies on high multipoles, we simulated the parameter estimation process and propagated the effect of the alignment contribution in the spectra to the systematic error in the estimates of cosmological parameters, if all alignments are neither removed nor modelled, and we compared this systematic error with the expected statistical precision which is derived with the Fisher-matrix formalism. Together with corrections to the matter spectrum due to baryonic physics (White 2004; Semboloni et al. 2011; Merkel & Schaefer 2017) , intrinsic alignments are the largest contribution of systematic uncertainty to weak lensing data and dominate over second-order effects in lensing, which remains to be true for Bmode spectra.
(viii) We explicitly calculated the induced biases on five cosmological parameters, namely {Ω m , σ 8 , h, n s , w} for a Euclid-like survey. Furthermore, we investigated the behaviour of these biases with increasing bin number. As expected, the largest error is made on those parameters to which weak lensing is most sensitive, Ω m and σ 8 . For these, we see systematical errors on the order of two times the statistical uncertainty for at least one of our models. In addition, the error on the spectral index n s is heavily affected, in particular by a mix of the two models, possibly because the shape of the spectrum is not much altered by additional power over a limit range in from only one model, but can be altered more heavily by a combination of two contributions at different multipoles. The Hubble parameter h and the equation of state w seem least affected by the omission of IA in the parameter inference: This is due to the fact that in comparison to other parameters the lensing signal is least sensitive to them. It is difficult to compare forecasts of parameter biases because they not only depend on the intrinsic alignment model but as well on the methodology, the choice of the experimental setup that is simulated, the considered parameter space and possible inclusion of other observables and priors. find highly significant biases from a linear alignment model on the dark energy equation of state parameters and shows that they can be controlled by introducing a flexible IA-modelling at the expense of statistical accuracy. Our analysis for the linear alignment model is in agreement with Kirk et al. (2010) concerning the values of σ 8 which are biased towards lower values and could only expain an increase in Ω m with the inclusion of spiral galaxies. In a similar study for LSST, Blazek et al. (2017) compute the impact of a combined alignment model on cosmological parameters and points out the importance of a correct intrinsic alignment model, in particular if one restricts the model to a purely linear one for elliptical galaxies. Comparing surveys such as Euclid and to ones such as LSST, it is clear that space-based surveys, being broader in area yet shallower in redshift, will be affected more by intrinsic alignments than their ground-based counterparts: Lensing efficiency (peaking at medium redshift) changes how the locally constant signal amplitude of the IAs relates to lensing and as the statistical error bars shrink by covering more galaxies and scales, the (relatively constant) biases grow in relation. Therefore, space-based surveys are more prone to produce biases in the inferred cosmological parameter set due to IAs.
(ix) Apart from providing systematical errors in the full set of parameter for a dark energy cosmology, we quantified the contaminating effect of intrinsic alignments from the point of view of the Bayes-evidence and the Kullback-Leibler divergence. If there are systematic errors in the estimated parameter set, it will be the case that the evidence for a certain model, for instance ΛCDM, decreases because the contaminated weak lensing likelihood is incompatible to some degree with the prior knowledge on the parameter set. We have computed the loss in Bayesian evidence for a wCDM-model due to intrinsic alignments in weak lensing data if the prior is given through high-resolution CMB-observations. We found a significant loss of evidence in favour of a specific wCDM-parameter set in terms of the Jeffreys-scale; in fact, neglecting the IA contributions would make it seem like a wCDM model inferred from weak lensing would be completely incompatible with a Planck-like CMB prior. In a similar vein, we quantified the incompatibility between the contaminated lensing likelihoods with the Kullback-Leibler divergence as a measure of the difference between the true and the wrongly inferred likelihood. In comparison to the previously defined figure of bias Q 2 we were able to show that this particular number corresponds to the KullbackLeibler divergence in the case of constant covariance matrices, and confirmed previously obtained numbers (Schaefer & Merkel 2015) . It should be emphasised, however, that the reverse, i.e. mistaking a dark energy model for a model with a cosmological constant, is very unlikely, as the induced biases are smaller than the statistical error in the dark energy equation of state.
A logical next step to our investigation would be a separation of the different alignment types on the basis of their different physical and statistical characteristics and the application of mitigation techniques that differentiate between galaxy morphologies. This, in particular, requires corrections to the tidal shear fields due to nonlinear evolution of the cosmic large-scale structure and to go beyond the linear and Gaussian regime of structure formation, which allows then cross-correlations between the shapes of elliptical and spiral galaxies, and an non-zero associated GI-effect for spiral galaxies. Secondly, as our statistical investigation entirely depended on the assumption of Gaussian statistics, it would be very important to extend the investigation to Monte-Carlo Markov-chain evaluated, biased likelihoods.
Furthermore, a compelling method of simplifying the problems that arise from different alignment processes would be to separate the galaxy types observationally and test the models against the individual results. There are a few challenges connected with this: Firstly, one would lose significant statistical power by only taking a subset of the available data. Then, the separation into two different types of galaxies cannot be done with full confidence by morphology, (intrinsic) colour or environment alone. The safest way would be to use spectroscopic data as well, which is unavailable for the majority of the galaxies e.g. in the Euclid survey. However, a combination of all of those differentiators, possibly restricted to low-tomid redshifts, could lead to a viable result until more reliable ways of distinguishing galaxy types are feasible.
